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| INTRODUCTION
The shortage of donor organs has become one of the major obstacles to organ transplantation in humans; thus, the generation of transplantable organs is among the ultimate goals of regenerative medicine. To date, functional organs, including pancreas, 1,2 thymus, 3 and kidney, 4 have been generated by blastocyst complementation in vivo in dysorganogenetic animals. Because of certain anatomical and physiological features shared with humans, the miniature pig is an ideal donor for the xenotransplantation of cell, tissue, and organ. [5] [6] [7] In this study, two Chinese breeds of minipigs-the Wuzhishan minipig (WZSP), which is black on its back, white on its abdomen, and the Bama minipig (BMP), which is mostly white-were selected to be the source of donor and host embryos to generate chimeric pigs, in order to use coat color as a first indication of chimerism. Mitochondrial DNA polymorphism, microsatellites, and transgenes have also been used in the molecular analysis of chimerism; however, these molecular markers do not allow visualization of the distribution of chimerism. 8 Therefore, we used enhanced green fluorescent protein (EGFP)-
tagged WZSP cells to further analyze the degree of chimerism.
Early porcine chimeras were generated by injecting inner cell mass (ICM) cells into blastocysts. 9, 10 Subsequently, porcine chimeras have been generated using embryonic germ, embryonic stem, and induced pluripotent stem cells. However, these approaches have not produced germ line chimerism, and the degree of chimerism has been low.
11-13
Here, we explored whether chimeric piglets derived from early blastomeres would show a higher degree of chimerism. Blastomeres of 4-to 8-cell-stage parthenogenetic embryos can efficiently produce chimeric fetuses, but they are restricted in their developmental capacity to the somite stage and are not expected to produce live-born young.
14 Therefore, we used early-stage embryos from somatic cell nuclear transfer (SCNT) to generate chimeric piglets by the aggregation method.
The aim of this study was to develop a practical system to generate chimeric minipigs by aggregating 4-to 8-cell-stage embryos from SCNT, which would provide a platform for generating chimeras between pig and non-human primates in xenotransplantation.
| MATERIALS AND METHODS

| Animal care and use
The pigs used in this study were maintained at a controlled temperature (15-30°C) and received a standard pig diet twice a day and water ad libitum. All of the animal experiments in this study were approved by the Institutional Animal Care and Use Committee of the Institute of Animal Sciences of the Chinese Academy of Agricultural Sciences.
| In vitro oocyte maturation
In vitro oocyte maturation (IVM) was performed as described. 15 Briefly, porcine ovaries were collected at a local abattoir and transported to the laboratory in saline solution at 37°C. Cumulus-oocyte complexes with at least three layers of compacted cumulus cells were selected and cultured in maturation medium at 38.5°C in 5% CO 2 , 95% air and saturated humidity. After 42-44 hours of culture, IVM oocytes with expanded cumulus cells were digested using 1 mg/mL hyaluronidase (Sigma-Aldrich, St. Louis, MO, USA), and metaphase II oocytes were confirmed by the presence of the first polar body. Oocytes with a first polar body, intact cytoplasmic membrane, and clear perivitelline space were selected for subsequent experiments.
| Cell culture and transduction of enhanced green fluorescent protein for somatic cell nuclear transfer
Primary cultures of ear fibroblasts were established from one male adult WZSP, one female adult WZSP, and one female adult BMP. The pCAGGS-EGFP-Neo plasmid was transfected into WZSP cells, and positive cells were expanded and used for SCNT.
16
Somatic cell nuclear transfer was performed as described. 17 In brief, cultured EGFP-expressing WZSP and BMP cells were used as nucleus donor cells. A single donor cell was inserted into the perivitelline space of an enucleated oocyte. The reconstructed embryos were then electrically activated followed by in vitro culture.
showed chimerism, whereas the spinal cord, stomach, pancreas, intestines, muscle, ovary, and brain had no chimerism.
Conclusions:
To our knowledge, this is the first report of porcine chimeras generated by aggregating 4-to 8-cell-stage blastomeres from SCNT. We detected chimerism only in the skin, heart, and kidneys. Collectively, these results indicate that aggregation using 4-to 8-cell-stage SCNT embryos offers a practical approach for producing chimeric minipigs. Furthermore, it also provides a potential platform for generating interspecific chimeras between pigs and non-human primates for xenotransplantation. 
| Embryo transfer
Blastocysts (day 5) obtained by the aggregation method were surgically transferred into the uterine horns of Large White/Landrace pre-pubertal gilts. After 30 days, pregnant recipients were diagnosed by ultrasonography. The piglets were delivered through natural birth.
| EVALUATION OF CHIMERISM IN THE PIGLETS
| Coat-color analysis
Chimerism was first assessed visually by the coat color of the piglets.
The two piglets showing coat-color chimerism were further evaluated. Piglet K17-2 died at 35 days and was subsequently autopsied, whereas piglet K17-1 was maintained for the following observations.
| Microsatellite analysis
To evaluate chimerism in the piglets, short tandem repeat (STR) microsatellite analysis was carried out. First, to further confirm the chimerism of the two coat-color chimeras, three sections of the skin were sampled, including white, black, and mixed black and white skin. Then, three samples were randomly taken from the lungs, liver, spinal cord, ovary, stomach, pancreas, intestine, muscle, heart, kidney, and brain of K17-2 for parallel experiments.
DNA was extracted from these samples using the ZR Genomic DNA-Tissue MiniPrep kit (Zymo, Orange County, CA, USA). DNA was also extracted from ear tissue samples of WZSP and BMP as controls. The STR microsatellite parentage analysis was conducted as described. 19 In brief, two PCRs were set up for the amplification of STR-linked loci. On the basis of the published swine linkage map, 20 two of the markers included in the panel, SWC59 and SW1918, 21 were developed from swine and do not have chromosome assignment.
| Swine leukocyte antigen examination
Chimerism of the heart and kidney was further confirmed by swine leukocyte antigen (SLA) examination. The SLA genotypes of the two breeds used in this study were defined using previously described methods. 22 The SLA-DRB1 locus alleles of WZSP and BMP were SLA-DRB1*0901, 0401 and SLA-DRB1*0901, 0402, respectively.
Alleles at the DRB1 loci of the heart and kidney of K17-2 were then identified. Briefly, total RNA was extracted from tissue samples followed by reverse transcription and PCR amplification. All amplified products were purified, and the nucleotide sequences were determined by direct and cloning sequencing of the DRB1 locus. In addition, the origin of the lung and liver was examined by alleles at the DRB1 loci.
| Tracing the distribution of chimerism in various tissues and organs with enhanced green fluorescent protein
Fluorescence imaging of the lungs, liver, spinal cord, ovary and reproductive tract, stomach, pancreas, intestine, muscle, heart, kidney, and brain of K17-2 was performed with a dual-fluorescent protein flashlight. Regions showing green fluorescence were from WZSP.
To further determine whether lung and liver tissues were derived from WZSP embryos, they were examined by confocal microscopy.
Lung and liver samples were fixed in 4% paraformaldehyde at 4°C overnight, washed thoroughly with DPBS, and cryosectioned at a thickness of 20 mm. The tissue slices were observed under a confocal microscope (Leica TCS SP2, Leica Microsystems CMS GmbH, Mannheim, Germany). EGFP was excited at 488 nm.
| Statistical analysis
Statistical analyses were performed using the SPSS 16.0 software (SPSS, Inc., Chicago, IL, USA). Differences between two groups were analyzed using chi-square tests. The level of significance was set at P<.05.
| RESULTS
| Aggregation of embryos derived from somatic cell nuclear transfer
To determine which stage of the SCNT embryos was more suitable for producing chimeric blastocysts, the development of aggregated embryos from the 4-to 8-and 8-to 16-cell-stages was monitored in vitro (Table 1) . We found that embryos derived from SCNT showed (Table 1 and Figure 2) . However, 56.0% of the 8-to 16-cell-stage aggregated embryos developed into single blastocysts, of which 37.5%
were chimeric (Table 1 and Figure 2 ). The rates of blastocyst and chimera formation using 4-to 8-cell-stage embryos were not significantly different than those produced by using 8-to 16-cell-stage embryos.
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W, Wuzhishan; B, Bama; M, male; F, female.
T A B L E 3
The production and sex of piglets after transfer
| Production of chimeric minipigs by aggregation of 4-to 8-cell-stage somatic cell nuclear transfer embryos
To produce chimeric minipigs, chimeric embryos were obtained by the aggregation method using 4-to 8-cell-stage SCNT embryos from transgenic EGFP WZSP embryos and BMP embryos. A total of 391 blastocysts were produced from 772 aggregated embryos (50.6%, Table 2 ). A total of 391 blastocysts were transferred into five recipient gilts, of which four became pregnant. After ~120 days of gestation, the surrogates delivered 18 piglets naturally. Among these, there were four male WZSP, four female WZSP, eight female BMP, and two female chimeric piglets (Table 3 ).
| Coat-color chimerism
As shown in Figure 3 , two coat-color chimeras were produced from the same litter (piglets K17-1 and K17-2). K17-1 showed a mostly 
| Microsatellite and swine leukocyte antigen analysis
The results of the microsatellite analysis are shown in Table 4 . For K17-1 and K17-2, the white skin showed alleles of BMP, the black skin showed alleles of WZSP and the mixed black and white skin showed alleles of both WZSP and BMP, indicating that these two animals were chimeras of WZSP and BMP.
The heart and kidney of K17-2 showed the presence of four alleles for loci SW1918 and SWC59, suggesting that K17-2 was a chimera of WZSP and BMP. However, the spinal cord, ovary, stomach, pancreas, intestine,muscle, liver, lung and brain showed only alleles of WZSP, suggesting that these organs were from WZSP ( Table 4 ).
The SLA-DRB1 locus in WZSP is 0901 and 0401 allele, 0901 and 0402 allele in BMP. The heart and kidney of K17-2 carried the SLA-DRB1*0901, 0401, 0402 alleles, indicating that K17-2 was chimeric.
The liver, lung, and brain of K17-2 showed only 0901 and 0401 allele, suggesting that these organs were from WZSP (Table 5 ).
| Tracing the distribution of chimerism in piglets with enhanced green fluorescent protein
For the dead piglets of K17-2, the spinal cord, ovary, stomach, pancreas, intestine, and muscle showed green fluorescence, suggesting that they were likely derived from WZSP embryos. The brain, lung, and liver showed no gross fluorescence with the dual-fluorescent protein flashlight. Only the heart and kidney displayed clear fluorescence chimerism (Figure 4) , showing that they were derived from both the WZSP and BMP embryos.
No gross green fluorescence was detected in the brain, lung, and liver, although the microsatellite examination showed that the brain, lung, and liver were from WZSP embryos. Therefore, to confirm the origin of these organs, tissue slices of the lung and liver were observed under a confocal microscope. The fluorescence microscopy showed that these two organs were actually from WZSP embryos ( Figure 5 ).
Taken together, K17-1 and K17-2 were proved to be chimeras through coat color, microsatellite, and SLA analysis. Thus, the delivery rate of chimeras was 11% (2/18). indicating that the method we used to generate chimeras was practical and efficient.
| DISCUSSION
We obtained no chimeras when the genders of the donor and host embryos were different. In contrast, two chimeras were generated when the genders of the donor and host embryos were the same. The reason for this difference is not clear. 
